Dietary trans fats have been causally linked to atherosclerosis but the mechanism by which they cause the disease remain elusive. Suppressed TGF-β responsiveness in aortic endothelium has been shown to play an important role in the pathogenesis of atherosclerosis in animals with hypercholesterolemia. We investigated the effects of a high trans-fat (TF) diet on TGF-β responsiveness in aortic endothelium and integration of cholesterol in tissues. Here we show that normal mice fed a high TF diet for 24 weeks exhibit atherosclerotic lesions and suppressed TGF-β responsiveness in aortic endothelium. The suppressed TGF-β responsiveness is evidenced by markedly reduced expression of TGF-β type I and II receptors and profoundly decreased levels of P-Smad2, an important TGF-β-response indicator, in aortic endothelium. These mice exhibit greatly increased integration of cholesterol into tissue plasma membranes. These results suggest that dietary trans fats cause atherosclerosis, at least in part, by suppressing TGF-β responsiveness. This effect is presumably mediated by the increased deposition of cholesterol into cellular plasma membranes in vascular tissue, as in hypercholesterolemia.
Introduction
Trans fats are composed of trans-fatty acids (TFAs) which are the stereoisomers of the naturally occurring cis-fatty acids (CFAs). They are produced industrially during hydrogenation of unsaturated oils via a process called "hardening"; (1) . This process reduces most of the double bonds in unsaturated fatty acid moieties of the oils but isomerizes some of the cis double bonds to a trans configuration, resulting in improved stability, a longer shelf life and the acquisition of desirable tactile, functional and sensory properties (2) . Small amounts of naturally occurring TFAs can also be found in various naturally occurring foods and are formed in the rumen of polygastric animals such as cattle, sheep and goats. This is due to the normal bacterial metabolism of unsaturated fatty acids that occurs in the rumen (1) . Industrial trans fats are widely used to produce a variety of foods, including margarines, cookies, pastries, salad dressings and cooking oils (2) . It has been estimated that trans fats can comprise 4-12% of the dietary fat, which is equivalent to 2-4% of the total calorie intake, in the US (3, 4) . TFAs are known to be incorporated into plasma lipoproteins and into cell membranes of various tissues, including aortic endothelium (5) (6) (7) (8) (9) (10) (11) . TFA incorporation into cell membranes is directly proportional to dietary TF levels (8) (9) (10) (11) . A high concentration of trans fats in the human diet is linked to a variety of disorders and diseases, most notably atherosclerosis (12) . The mechanisms by which trans fats cause atherosclerosis and other diseases remain elusive (13) .
Transforming growth factor-β (TGF-β) is a family of 25-kDa disulfide-linked dimeric proteins which has three members in mammals (TGF-β 1-3 ) (14) . It is a pleiotrophic cytokine and its biological activities include growth regulation, control of chemotaxis and regulation of the synthesis and deposition of extracellular matrix proteins. TGF-β has been implicated in many physiological and pathological processes (14) . Accumulating evidence indicates that TGF-β in the circulation protects against atherosclerosis (15) (16) (17) (18) (19) (20) (21) (22) . Recently, we found that suppressed TGF-β responsiveness in aortic endothelium plays an important role in the pathogenesis of atherosclerosis in hypercholesterolemic animals (23, 24) . A high concentration of cholesterol in the culture medium suppresses TGF-β responsiveness in cultured cells, including endothelial cells, by causing accumulation of cell-surface TGF-β-TGF-β receptor complexes in lipid rafts/caveolae of the plasma membrane, facilitating rapid degradation of these complexes, and thus attenuating TGF-β signaling and the related responses (23, 24) . This effect of cholesterol is believed to be mediated by increasing formation of, or stabilization of, lipid rafts/caveolae, presumably via direct integration of cholesterol into plasma membranes of target cells (23, 24) . Cholesterol is an important structural component of lipid rafts/caveolae. This implies that increased affinity of plasma membranes for cholesterol (due to changes in membrane composition) may result in increased integration of cholesterol into plasma membranes (even in the absence of a high cholesterol level in the medium or plasma) and suppression of responses to TGF-β. Membrane phospholipids containing TFAs have been shown to have increased affinity for cholesterol (4, 11) . We hypothesized that dietary trans fats may cause atherosclerosis by suppressing TGF-β responses in vascular cells via incorporation of diet-derived TFAs into plasma membrane phospholipids, with resultant increased integration of cholesterol into plasma membranes. In this communication, we provide evidence to support this hypothesis.
Results and Discussion
The C57BL/6 mouse is a standard animal model for studying the pathogenesis of atherosclerosis (20, 21) . To study the effect of a trans-fat diet on development of atherosclerosis, male mice (5-6 week old; 10 mice per each experimental group) were fed a western diet with trans fats (TF diet) containing 45% of the calories from fat in the form of partially hydrogenated vegetable oil, of which approximately 30% was trans-fat (trans-fat custom diet TD06303, Halen Teklad) (25) . Control mice (n = 10) were fed standard rodent chow containing 13.6% of the calories from fat (control diet). After 16 or 24 weeks, mice treated with TF-diet and control diet were sacrificed. Another group of mice (n = 10) fed the TF diet for 16 weeks were fed the control diet for additional 8 weeks, and then sacrificed. Tissues (plasma, hearts, aortas, and livers) were removed from the animals for biochemical, histological and Western blot analyses. After 16 weeks, mice fed the TF diet gained more body weight as compared to those fed the control diet (37.2 ± 3.2 g vs. 28.4 ± 2.4 g in TF diet vs. control diet). Plasma total cholesterol levels were 65% higher in mice fed the TF diet than those fed the control diet (131 ± 13 vs. 80 ± 6 mg/dl, P<0.05). However, plasma triglyceride levels were similar in both groups (59 ± 8 vs. 61 ± 14 mg/dl in control diet vs. TF diet).
Suppressed TGF-β responsiveness in animals caused by a high plasma cholesterol level are characterized by a low ratio of 125 I-TGF-β binding to the type II TGF-β receptor (TβR-II) compared to 125 I-TGF-β binding to the type I TGF-β receptor (TβR-I) (TβR-II/TβR-I binding) as determined by 125 I-TGF-β affinity labeling of the aortic endothelium and by attenuated expression of phosphorylated Smad2 (P-Smad2) in the same tissue (23, 24) . A low ratio of TβR-II/TβR-I binding indicates that the TGF-β-TGF-β receptor complex accumulates predominantly in lipid rafts/caveolae of the plasma membrane. This mediates rapid degradation of TGF-β-TGF-β receptor complexes following TGF-β binding to the TGF-β receptors, resulting in attenuation of both TGF-β signaling and downstream responses (23, 24, (26) (27) (28) (29) (30) . Smad2 is an important signaling molecule directing TGF-β-stimulated cellular responses (31, 32) . Phosphorylation of Smad2 by TβR-I in the TβR-I-TβR-II heterocomplex stimulated by TGF-β leads to downstream effects such as formation and translocation of trimeric Smad2/3/4 complexes to the nucleus, leading to regulation of expression of TGF-β responsive genes (31, 32) . To further define the functional consequences of the low ratio of TβR-II/TβR-I binding in the mice fed the TF diet, we performed Western blot analysis of TβR-I, TβR-II, P-Smad2 and VCAM-1 in aortic endothelium. P-Smad2 is a TGF-β-response indicator (14, 31, 32) . VCAM-1 is a marker of early lesions of atherosclerosis (23, 24, 33) . As shown in Fig.1B , mice fed a control diet for 24 weeks had a ratio (2:1) of TβR-II protein compared to TβR-I protein (TβR-II/TβR-I protein) in aortic endothelium (panel a, lane 1), which is similar to the ratio of TβR-II/TβR-I binding in the same tissue. Mice fed a TF diet for 24 weeks exhibited markedly reduced expression of TβR-I and TβR-II (to ~10% and 5%, respectively, of those in mice fed a control diet) (panel a, lane 2 and panel b). The ratio of TβR-II/TβR-I protein in the aortic endothelium of mice fed the TF diet for 24 weeks was estimated to be ~0.9 (panel a, lane 2 and panel b) which is very similar to that of TβR-II/ TβR-I binding as determined by 125 I-TGF-β affinity labeling. The P-Smad2 protein levels in the aortic endothelium of mice fed the TF diet were too low to be detected (<3% of those found in mice fed the control diet) (panel a, lane 2), in contrast to the significant levels (~10%) of P-Smad2 that were detected in mice fed the control diet for 8 weeks following the 16-week TF diet (panel a, lane 3 and panel b). The relative levels of the total Smad2 protein in mice fed different diets for a total of 24 weeks, which were determined by quantitative Western blot analysis (23, 24) , were very similar (data not shown). The 24-week TF diet increased VCAM-1 expression by ~4 fold when compared to that in mice fed the control diet (panel a, lane 2 and panel b), corresponding to significant atherosclerotic lesions found in mice fed the TF diet. In mice fed the control diet for an additional 8 weeks after 16 weeks of the TF diet, the aortic endothelium exhibited increased expression of TβR-I and TβR-II protein levels with a TβR-II/TβR-I protein ratio of ~2.2 (panel a, lane 3 and panel b) which was very similar to the ratio (2.38) of TβR-II/TβR-I binding as determined by 125 I-TGF-β affinity labeling in the aortic endothelium of these mice. However, the TβR-I and TβR-II protein levels were not completely normalized to control-diet levels in these mice. The TβR-I and TβR-II protein levels were ~10% and ~6% of control-diet levels in TF diet-fed (for 24 weeks) mice and increased to ~35% and ~45 % of control levels respectively, in mice fed a TF diet for 16 weeks followed by a control diet for 8 weeks (panel a, lane 3 and panel b). Interestingly, the VCAM-1 levels were markedly decreased from the 4-fold elevation in TFfed mice to 1.3-fold above control in mice switched to a control diet following the TF diet (panel b). Switching to the control diet also increased the P-Smad2 level from the undetectable level (<3%) (in mice fed the TF diet for 24 weeks) to ~10% of the level in mice fed a control diet (panel a, lane 3 and panel b) when the P-Smad2 level in mice fed the control diet for 24 weeks was taken as 100%. This ~10% increase appeared to be enough to markedly decrease the VCAM-1 level from 4-fold to 1.3-fold in the aortic endothelium of mice switched to the control diet for 8 weeks.
To analyze atherosclerotic lesions in mice fed a TF diet and a control diet, we also performed histological analysis after formaldehyde fixation and hematoxylin and eosin (H & E) staining of tissue sections of heart and aorta. As shown in Fig. 2 , the heart valves and aorta in mice fed the TF diet exhibited typical early lesions of atherosclerosis whereas mice fed the control diet had normal morphology in these two tissues ( Fig. 2B and 2D vs. Fig. 2A  and 2C ). Foam cells accumulation and fibro-intimal proliferation were found in the heart valves and aorta, respectively, in all of mice fed the TF diet ( Fig. 2B and 2D vs. Fig. 2A and  2C ). These results also support the hypothesis that the low ratio of TβR-II/TβR-I binding, which reflects the predominant localization of TβR-I and TβR-II in lipid rafts/caveolae microdomains of the plasma membrane, in the aortic endothelium is an excellent indicator of susceptibility to atherosclerosis (23, 24, 26, 27) .
We hypothesized that tissue membranes derived from mice fed a TF diet would have high affinity for cholesterol, leading to increased integration of cholesterol. As in cells grown in a medium with a high cholesterol level (23, 24) , this may result in increasing formation of, or stabilization of, lipid rafts/caveolae in plasma membranes, accumulation of TβR-I and TβR-II in lipid rafts/caveolae, lipid raft/caveolae-mediated rapid degradation of the TGF-β receptors following TGF-β binding to these receptors, and subsequent suppressed TGF-β responsiveness in vascular cells and other cell types. To test this hypothesis and investigate the reversibility of the trans-fat effect, we determined the total amount of cholesterol in the livers and hearts of mice fed a TF diet or a control diet for 16 weeks and in the livers of mice fed a control diet and a TF diet for 24 weeks or fed a control diet for 8 weeks following a TF diet for 16 weeks. The reason for analyzing these two organs is that hearts and livers provided enough tissue for quantitative determination of cholesterol. As shown in Fig. 3 , there was a ~2.0 fold increase in the cholesterol content in the heart and liver of mice fed a TF diet compared to mice fed a control diet at 16 weeks (Fig. 3A and Fig. 3C, respectively) . The increased cholesterol content returned to control values when the mice were given the control diet for additional 8 weeks (Fig. 3B) . Since the tissues analyzed were not perfused prior to analysis, the increased cholesterol content detected may be partially due to free cholesterol in blood and extracellular matrix tissue but not membrane-associated cholesterol. To test this possibility, we purified plasma membranes of livers from these mice and determined the cholesterol content of the purified plasma membranes. As shown in Fig. 3D , the TF diet increased plasma-membrane-associated cholesterol by ~ 4-fold compared to the control diet group at 16 weeks. These results suggest that plasma membranes harvested after TF diet feeding possess higher affinity for cholesterol than those derived from a control diet containing mainly cis-fatty acids.
Here we demonstrate that mice fed a TF diet have suppressed TGF-β responsiveness and develop atherosclerotic lesions in the aortic endothelium. Suppressed TGF-β responsiveness in the aortic endothelium is accompanied by a low ratio of TβR-I/TβR-II binding, which indicates that these receptors accumulate predominantly in lipid raft/caveolae, causing lipid raft/caveolae-mediated rapid degradation of TGF-β-TGF-β receptor complexes, and eventual down-regulation of P-Smad2 expression (23, 24, (26) (27) (28) (29) (30) . The atherosclerotic lesions in mice fed a TF diet are accompanied by a large increase in the expression of VCAM-1. The VCAM-1 expression caused by the TF diet is actually greater than that found in hypercholesterolemic ApoE-null mice (~4 fold vs ~1.7 fold) (23, 24) . Normal or wild-type mice fed a TF diet and hypercholesterolemic ApoE-null mice exhibit down-regulation of TβR-II (to ~5% of normal and ~40% of normal, respectively, compared to that in normal mice fed a control diet) (23, 24) . Interestingly, the levels of TβR-I in normal mice fed a TF diet are also greatly reduced (to ~10% compared to that in normal mice fed a control diet). By contrast, the levels of TβR-I are not significantly altered in hypercholesterolemic ApoEnull mice as compared to those in normal mice fed a control diet (23, 24) . These results indicate that the TF diet in wild-type mice appears to suppress TGF-β responsiveness more strongly than hypercholesterolemia in ApoE-null mice as evidenced by markedly decreased levels of TβR-I, TβR-II and P-Smad2 in wild-type mice fed a TF diet (compared to those in hypercholesterolemic ApoE-null mice) (23) . However, the atherosclerotic lesions in wildtype mice fed a TF diet are less severe than those in ApoE-null mice with hypercholesterolemia as evidenced by high expression of VCAM-1, a marker for early atherosclerotic lesions, and the development of atherosclerotic early lesions in mice fed a TF diet (23, 24) . This suggests that other factors such as continuous endothelial injury by high plasma LDL and/or cholesterol levels may facilitate the progression of atherosclerosis in hypercholesterolemic animals and that the combination of dietary trans fats and hypercholesterolemia would amplify the effects on progression of atherosclerosis and other related diseases. Lichenstein's laboratory (34, 35) demonstrated that the major risk factor for cardiovascular disease caused by dietary trans fats is LDL-cholesterol levels and total cholesterol/HDL-cholesterol ratios in plasma. Based on these findings, we hypothesize that suppressed TGF-β responsiveness is an important early step in the progression of atherosclerosis caused by hypercholesterolemia or dietary trans fats. This hypothesis is supported by our recent findings that dynasore, a TGF-β mimetic and enhancer, does not alter high plasma cholesterol levels but effectively ameliorates atherosclerosis by antagonizing cholesterol-induced suppression of TGF-β responsiveness in ApoE-null mice with hypercholesterolemia (36) .
Based the findings in this communication, we propose a model (Fig. 4) to illustrate how the incorporation of TFAs (e.g., elaidic acid) into phospholipids (possibly at syn-2) in tissues increases integration of cholesterol into the plasma membrane and accumulation of TβR-I and TβR-II in lipid rafts/caveolae. In this model, incorporation of TFAs (which are derived from the TF diet) into phospholipids increases affinity of the plasma membrane for cholesterol (37, 38) and formation of, or stabilization of, lipid rafts/caveolae, facilitating accumulation of TβR-I and TβR-II in this plasma membrane microdomain. This is evidenced by a low ratio of TβR-II/TβR-I binding observed in the aortic endothelium of mice fed a TF diet. On the other hand, incorporation of cis-fatty acids (CFAs), which are derived from the normal diet, into phospholipids decreases formation of, or destabilizes, lipid rafts /caveolae, resulting in accumulation of TβR-I and TβR-II in non-lipid raft microdomains. This is evidenced by a high ratio of TβR-II/TβR-I binding found in the aortic endothelium of mice fed a control diet. In the absence of TFAs in the phospholipids of the aortic endothelium in mice fed a normal diet, TβR-I and TβR-II mainly accumulate in nonlipid raft microdomains and have a high ratio of TβR-II/TβR-I binding. The presence of TFAs in the phospholipids of both lipid raft/caveolae and non-lipid raft micrdomains may cause instability of these two microdomains (particularly the lipid raft/caveolae microdomain, because of its high content of TFAs), resulting in rapid turnover and degradation of both the TGF-β receptors. This is supported by the evidence that markedly decreased levels of both types of TβR-I and TβR-II are found in mice fed a TF diet as compared to mice fed a control diet. The TβR-I is relatively stable in mice fed a high cholesterol diet without trans fats (23, 24) , suggesting that the TGF-β receptors localized to lipid rafts/caveolae (which contain TβR-I > TβR-II) are more stable than those localized to non-lipid raft microdomains (which contain TβR-II > TβR-I) in the aortic endothelium of these hypercholestrolemic ApoE-null mice (23, 24) .
Our demonstration that suppression of TGF-β responsiveness (in aortic endothelium and possibly in other tissues) caused by dietary trans fats is likely to have important implications in other TF-related diseases and disorders. For example, it has been postulated that trans fats are carcinogenic and also contribute to autoimmune disease. These phenomena might be due to suppression of cellular TGF-β responsiveness by dietary trans fats since TGF-β is a wellknown tumor suppressor and immunosuppressor (14) .
Materials and Methods

Animals
The experimental conditions and physical (body weight, food/water consumption and liver weight), biochemical (plasma triglyceride, cholesterol, glucose, insulin, leptin, resistin, adiponectin and tPA levels, liver function tests and glucose tolerance tests) and histological (liver) analysis for C57BL/6 mice fed the high trans-fat (TF) and normal (control) diets have recently been published (25) . Briefly, five-week-old male C57BL/6 mice (Harlan, Indianapolis, IN) were fed a TF diet similar to a western fast food diet with 45% of the calories from fat in the form of partially hydrogenated vegetable oil (trans-fat custom diet TD06303, Harlan Teklad, Madison, WI). Drinking water was provided as gel-water, 2.8% gelatin in the dishes on the cage floor containing 42 g/l high fructose corn syrup (55% fructose and 45% glucose). Control mice were fed standard rodent chow (control diet) containing 13.6% of calories from fat in the form of soybean oil (15% saturated, 23% MUFAs, 61% PUFAs; 2018S, Harlan Teklad). Ten mice were used in each experimental group. After 16 or 24 weeks of ad libitum feeding, mice fasted for 8 hours were sacrificed using ketamine and xylazine anesthesia. To determine if abnormalities induced by this diet were reversible, a group of mice (n=10) treated with the TF diet for 16 weeks were returned to the control diet for another 8 weeks and compared to groups of mice either kept on the TF diet or kept on the control diet for the entire 24 week period. Hearts, aortas, blood and livers were removed for histological (hematoxylin & eosin staining), biochemical and Western blot analyses. The plasma membranes of hearts and livers were prepared according to standard procedures.
Biochemical analyses
Homogenates were prepared by centrifugation following homogenization of livers and hearts removed from mice fed TF and control diets (at 1 g liver or heart tissue/ml phosphatebuffered saline). Plasma membranes of the livers and hearts from mice fed TF and control diets were purified according to standard procedures. Cholesterol contents in tissue homogenates, plasma membranes and serum were analyzed according to standard procedures using a calibrated clinical analyzer (Cobas Mira Plus Chemistry Analyzer (Roche Diagnostics, Indianapolis, IN). Histological analysis of heart and aorta sections were performed as described (23, 24) . Statistical comparisons among groups were performed by one-way ANOVA followed by post hoc pair-wise multiple-comparison procedures.
I-TGF-β affinity labeling and Western Blot analysis of aortic endothelium
The endothelium of the aortas from mice fed a TF diet (24 weeks), a control diet (24 weeks), or a TF diet for 16 weeks plus a control diet for additional 8 weeks (TF→control diet) were prepared (5 mice per experimental group) and subjected to 125 I-TGF-β affinity labeling and Western blot analyses using antibodies to TβR-I, TβR-II, P-Smad2, Smad2, VCAM-1 and β-actin, as described previously (23, 24) . The aortic endothelium extracts were characterized by the presence of factor VIII and absence of α-smooth muscle actin (23, 24) . Fig. 1. 125 I-TGF-β affinity labeling (A) and Western blot analysis (B) of the aortic endothelium in mice fed TF and control diets Groups of mice were fed TF and control diets for 24 weeks and were termed the TF and control diet groups, respectively. Another group of mice was fed the TF diet for 16 weeks and then the control diet for additional 8 weeks and was termed the TF→control diet group. At the end of the experiment, the aortic endothelium of these mice was subjected to 125 I-TGF-β affinity labeling (A) and Western blot analysis using antibodies to TβR-I, TβR-II, PSmad2, Smad2, VCAM-1 and β-actin (B). 125 The cholesterol content in hearts and livers of mice fed a TF diet or control diet for 16 or 24 weeks or fed a TF diet for 16 weeks and control diet for additional 8 weeks (TF→control diet) expressed as μg per mg tissue protein is shown. The cholesterol content of purified liver plasma membranes was also determined as per mg membrane protein. The data were estimated from a total of 6-8 mice in each group analyzed; values are mean ± s.d. *Significantly higher than control diet groups (p< 0.05). #Significantly lower than TF diet groups (p< 0.05). (23, 24, 29, 30) . Trans-fatty acid (TFA, derived from the TF diet) incorporation into phospholipids increases formation of, or stabilization of, lipid rafts/caveolae, facilitating accumulation of TβR-I and TβR-II in the microdomain where TGF-β binding to the receptors is incapable of inducing Smad2-dependent signaling but does cause receptor internalization and degradation, and thus attenuated cellular responses. Cis-fatty acid (CFA, derived from the normal diet) incorporation into phospholipids results in increasing formation of, or stabilizing, non-lipid raft microdomains where TGF-β binding to the receptors induces Smad2 signaling which leads to cellular responses. Both lipid raft/caveolae and non-lipid raft microdomains, which contain TFA moieties, in mice fed a TF diet are relatively unstable compared to those in mice fed the normal diet. This may explain the profoundly decreased levels of TβR-I and TβR-II in mice fed a TF diet as compared with those in mice fed the normal diet.
